Introduction
Differences among populations are fundamental to the evolutionary process, for it is from these differences that those among species arise. Just as species can be grouped into genera and genera into families, diversity within species can be partitioned into components due to differences among individuals within a population, differences among populations within a geographical region, and differences among geographical regions (Wright 195 1, 1965 ). While above the species level this structure reflects primarily the historical sequence of speciation events, below the species level it may reflect the historical sequence of population fragmentation and expansion, as well as the pattern of gene exchange among existing populations. Understanding the forces that structure genetic diversity within species is fundamental to understanding the differences among species and has been a focus of research in evolutionary biology for over 50 years (Dobzhansky 1937, pp. 62-63; Mayr 1942, p. 70; Stebbins 1950, pp. 190-195) .
Although mitochondrial DNA restriction site analyses have been widely used in animals to study population differentiation (reviewed in Wilson et al. 1985; Avise 1986; Moritz et al. 1987) , nearly all population analyses in plants have focused on allozyme data (Hamrick 1989) . While chloroplast DNA ( cpDNA) sequence divergence has been used extensively at the interspecific level and above (see, e.g., Palmer et al. 1988) , it is less commonly used for intraspecific studies because of the low rate of sequence evolution of the chloroplast genome (Palmer 1985 (Palmer , 1987 Wolfe et al. 1987; Birky 1988; Clegg et al. 1990 ). Several recent studies have shown, however, that the amount of intraspecific cpDNA diversity can be high enough for population-level studies (reviewed in Harris and Ingram 199 1; Soltis et al. 1992b ). In fact, cpDNA variation within species has provided insights into evolutionary processes such as population differentiation (see, e.g., Soltis et al. 1989, 199 1; Hong et al. 1993; Dong and Wagner 1994; Matos and Schaal 1995 ) , hybridization (see, e.g., Whittemore and Schaal 199 1 ), introgression of cpDNA between species (reviewed in Rieseberg and Brunsfeld 1992) ) and polyploidy (reviewed in Soltis et al. 1992a) .
Coreopsis grandijlora Hogg ex Sweet is a suitable candidate for a study of population-level genetic diversity because it is both geographically widespread and morphologically diverse. It comprises four taxonomic varieties, including a hexaploid (C. grandiflora var. longipes, not included in this survey) and three diploids (C. grandljlora var. grandiflora, var. harveyana, and var. saxicola). The diploid varieties are interfertile but are distinguished by small morphological differences. For example, var. harveyana has narrow, almost filiform leaves, and the wings of the achenes of var. saxicola are partially to fully dissected (Smith 1976) . Allozyme studies reveal an average genetic identity among the diploid varieties of 0.968, with little evidence for geographical structure in the patterns of genetic differentiation (Crawford and Smith 1984) . While C. grandiJora is widely distributed throughout the southeastern and south-central United States (Smith 1976)) populations are most heavily concentrated within two geographical areas. The western portion of the range covers most of Arkansas and Oklahoma and parts of Kansas, Missouri, Louisiana, and Texas. The species is also common in Georgia, spreading west into Alabama and Mississippi, and east into the Carolinas. Scattered populations north of the described range are probably escapes (Crawford and Smith 1984) .
In this paper we present the results of a detailed analysis of patterns of cpDNA restriction site diversity in 273 individuals of C. grandiflora, representing 14 populations from Georgia and Arkansas. Our purposes are ( 1) to document patterns of within-and amongpopulation cpDNA diversity in C. grandiflora, (2) to determine whether patterns of cpDNA differentiation are concordant with patterns of differentiation in morphological traits and allozymes, and ( 3) to demonstrate that population-level analyses of cpDNA can provide insight into the genetic structure of plant populations.
Material and Methods Samples
Plants were collected from 14 populations in Georgia and Arkansas (table 1 ), within the two areas in which the species is most densely concentrated (Smith 1976). In Georgia, vars. saxicola and grandzjlora are common in both pure and mixed populations. Although var. harveyana has been reported from this area (Smith 1976) , it is rarely found (E. Smith, personal communication ) . In Arkansas, vars. harveyana and grandifora are abundant, and var. saxicola is restricted to sandy soil on sandstone or granite at a few sites (Smith 1976) . Approximately 20 individuals were sampled from each population, representing the two varieties commonly found in Georgia and all three varieties from Arkansas. Plants were stored on ice immediately after collection and were later individually packaged and stored at -80°C. Individuals from potential outgroups C. rosea (accession ccr-1) and cultivated C. Zanceolata (ccl-1) were collected at the University of Connecticut greenhouses; their wild ancestry is unknown. Sixty-nine individuals of C. nuecensis ( accessions/populations 29, 30, 3 1, 32, 34) and 44 of C. nuecensoides ( 12, 22, 24) were collected from widely spaced populations. Vouchers for these collections are stored at the University of Connecticut (CONN) herbarium. DNA samples from additional species were kindly provided by Daniel J. Crawford; these include C. auriculata (accession 3534), C. Saghai-Maroof et al. (1984) as modified by Doyle and Doyle (1987) , except that samples were extracted twice with SEVAG (24: 1 chloroformoctanol) before precipitation, washed twice in 76% ethanol-1 OmM ammonium acetate after precipitation, resuspended in TE buffer, and ethanol reprecipitated. Samples were digested with eight frequent-cutting restriction enzymes: AZu I ( AC / GT ) , HaeIII ( GG/ CC), HhaI (GCG/C), HinfI (G/ANTC), Mb01 (/GATC), MspI (C/CGG), RsaI (GT/AC), and TaqI (T/CGA). The resulting fragments were separated on 1.25%-l .5% agarose gels. A bromphenol blue tracking dye was run at least 16 cm to allow resolution of small fragments. For some samples, patterns of very small fragments were further resolved on 4% Nusieve (FMC Bioproducts) agarose gels. All gels were bidirectionally blotted (Smith and Summers 1980) to reusable nylon membranes (Zetabind, Cuno), except for Nusieve gels, which were unidirectionally blotted.
Hybridizations
Membrane-bound DNA fragments were hybridized with 32P-labeled, cloned fragments of the lettuce chloroplast genome (Jansen and Palmer 1987 ) . Eight fragments were used as probes (4.6 kb, 5.4 kb, 6.3 kb, 6 .4 kb, 6.9 kb, 7.0 kb, 7.5 kb, and 18.8 kb); these represent about half of the chloroplast genome and correspond to the most variable regions (Kim et al. 1992a ). Hybrid-
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izations were carried out as described in Palmer ( 1986) and Jansen and Palmer ( 1987 ) .
Analyses among Haplotypes
Because frequent-cutting enzymes produce large numbers of small fragments, some restriction site differences could not be precisely characterized. In cases in which the exact nature of a difference could not be determined (e.g., when a site gain resulted in fragments too small to be detected), they were scored as restriction site differences by inferring the presence of small bands. When restriction site differences could not be distinguished from length changes by band patterns alone, multiple restriction digests of the same region of the genome were carefully examined to rule out the possibility of counting a single length difference more than once. Variable restriction sites were scored as present ( 1) or absent (0)) and cpDNA haplotypes were determined for each of 273 individuals. When an individual exhibited an ambiguous band pattern because of a poor enzyme digest, it was scored with the majority of the corresponding population for subsequent population analyses; thus, the estimates of cpDNA diversity provided may be biased slightly downward. Less than 7% of the data were difficult or impossible to interpret, and of these, over 80% were from populations that were otherwise monomorphic for that site. The number of restriction site differences between each pair of distinct haplotypes was determined, and the method of Nei and Tajima ( 1983) was used to estimate the proportion of nucleotide differences (p) and percentage nucleotide divergence ( 100 p) between each pair of distinct haplotypes.
For phylogenetic analyses of haplotypes, PAUP version 3.1 (Swofford 1993) with Wagner parsimony was used. The haplotypes within C. grandzj7ora were analyzed alone and with representatives of several other Coreopsis species. The heuristic search option with TBR branch swapping was used with the MULPARS option in effect, and the branches of zero length were collapsed to decrease the number of equally parsimonious trees. In an attempt to root the intraspecific tree, we included samples from several species within Coreopsis sect. Coreopsis: one individual of C. auriculata, one of C. intermedia, one of cultivated C. lanceolata, two of wild C. lanceolata, 69 of C. nuecensis, and 44 of C. nuecensoides. We also included single representatives of species from three additional sections of Coreopsis: C. latifolia (sect. Silphidium), C. rosea (sect. Eublepharis), and C. tinctoria (sect. Calliopsis) . (Representatives of four other sections-Anathysana, Electra, Leptosyne, and Pugiopappus-were initially included but proved so divergent that it was impossible to determine whether restriction sites in these individuals were homologous to those of C. grandtjlora. ) Coreopsis nuecensoides, C. nuecensis, cultivated C. lanceolata, and C. rosea were examined with all of the enzymes and probes used within C. grandzjlora, while the remaining taxa were checked only with those enzyme-probe combinations that had revealed' variation within C. grandiflora. The shortest trees were used to construct an Adams consensus tree rather than a strict consensus tree, because the uncertain placement of C. lattj' olia and C. intermedia due to missing data caused a loss of structure in the strict consensus tree (see Results). In the analysis including additional species, bootstrapping (Felsenstein 1985) with 100 replicates was performed to estimate the statistical support for the groups identified, using Wagner parsimony with the same search parameters. (The intraspecific tree was not bootstrapped, because the single shortest tree had no homoplasy.) The trees shown are unrooted.
Analyses within and among Populations
Haplotypic diversity (h) was calculated for each population (Nei and Roychoudhury 1974) . The methods of Nei and Tajima ( 198 1) were used to estimate the nucleotide diversity (p) for all populations. Variance components were estimated after subdividing the species into regions, varieties, and two genetically distinct subgroups, using an analysis of molecular variance (AMOVA) program provided by L. Excoffier ( Excoffier et al. 1992 ). The number of restriction site differences between haplotypes was used as the distance metric. AMOVA statistics are equivalent to Cockerham' s ( 1969 Cockerham' s ( , 1973 ) F statistics but allow for the haploid transmission of the chloroplast genome (Excoffier et al. 1992) . They are related to the diversity statistics proposed by Nei and Miller ( 1990) and Lynch and Crease ( 1990) but are not precisely equivalent.
Results

Divergence among Haplotypes
Within Coreopsis grandtjlora, 33 variable restriction sites were detected out of an estimated 427 sites ( 1,708 nucleotides) sampled (table 2), and 13 distinct haplotypes were detected (table 3). The distribution of haplotypes among varieties and regions is shown in table 4. Haplotypes differ by as many as 22 restriction site differences, representing 0.674% sequence divergence (Nei and Tajima 198 3 ) ( fig. 1) . Figure 1 illustrates two genetically distinct classes of haplotypes, designated A and B. The four haplotypes in class A differ by as many as four restriction site differences, or 0.123% sequence divergence. Pairs of B haplotypes differ by as many as 11 differences (0.335% sequence divergence), but only because of the peculiar B2 haplotype, which has seven unique changes relative to the others in its class. Among the remaining B haplotypes, no pair shows more than six restriction site differences (0.182% sequence divergence) . There are greater differences between the A and 4.6 kb 7.5 kb 7.5 kb 18.8 kb 18.8 kb 6.9 kb 6.9 kb 7.5 kb 18.8 kb 18.8 kb 6.3 kb 6.9kb 7.5 kb 4.6 kb 7.0 kb 7.5 kb 7.5 kb 6.4 kb 6.4 kb 7.0 kb 7.5 kb 6.9 kb 6.9 kb 7.5 kb 18.8 kb 4.6 kb 6.3 kb 6.4 kb 7.0 kb 7.0 kb 7.5 kb 6.4 kb 6.9 kb a The polarity of the characters was not determined in the phylogenetic analysis. In this table, the directionality shown ("ancestral" states to the left and "derived" states to the right of the equation) is with respect to an imaginary root between the A and I3 groups, with the changes along that branch derived within the A group. This approach is for convenience and does not represent a hypothesis of polarity.
b Regions correspond to the cloned lettuce cpDNA fragments used as probes in the hybridizations. B classes; pairs of haplotypes differ by at least 12 and as many as 22 restriction site differences, or 0.365%-0.6740/o sequence divergence. Figure 2 illustrates the range of divergence values for all pairs of distinct haplotypes and shows that the within-class and between-class values do not overlap. Note that our divergence values probably overstate the amount of nucleotide difference for the chloroplast genome as a whole, since the probes used here correspond to the most variable regions of the genome (Kim et al. 1992~~) .
Intrapopulational Variation of
Restriction site polymorphisms were detected in 9 the 14 populations examined and were used to estimate two different measures of genetic diversity (table  5) . Haplotypic diversity (h), the probability that two randomly chosen haplotypes from within a population differ from one another, depends on both the number and frequency of different haplotypes (Nei and Roychoudhury 1974) . Nucleotide diversity (p), the average number of nucleotide differences per site, takes not only the number and frequency of haplotypes into account but also the number of differences among them, and it is corrected for the total number of sites sampled (Nei and Tajima 198 1) . Thus, haplotypic diversity is highest in population 15 in which four different haplotypes were detected. However, nucleotide diversity is greatest in population 2, with nearly equal frequencies of two haplotypes that differ at 19 sites. Although there are as many as 15 differences among haplotypes in population 15, some pairs differ at only a few sites, resulting in a lower average nucleotide diversity. Populations 19 and 20, like population 2, each have two haplotypes occurring in roughly equal frequencies, but in these cases, the haplotypes differ by only a single site change. As a result, the haplotypic diversity within them is similar to that of population 2, but the nucleotide diversity is substantially lower. The different measures of diversity highlight different patterns of intrapopulational genetic diversity, particularly within populations 2 and 15.
Phylogenetic Analyses of Haplotypes
A phylogenetic analysis of haplotypes found within Coreopsis grandiflora yielded a single most-parsimonious tree with no homoplasy (fig. 3 ) . The longest branch of the tree corresponds to the A and B classes described above, which are separated by 11 restriction site differences. The analysis of C. grandiftora along with representatives of other species yielded 33 most-parsimonious trees, with most differences among the trees resulting from the uncertain placement of C. intermedia and C. Zatifolia, due to missing data for character 7 (C. intermedia) or characters 11, 18, 26, and 3 1 (C. Zatz@Zia). The character states for these sites were obscured by other, unique changes. The missing data cause the small amount of structure within each of the two genome classes to be lost in the strict consensus tree (result not shown), so the positions of the other species relative to C. grandzjlora are shown on an Adams consensus tree ( fig. 4) , with a consistency index (excluding uninformative characters) of 0.960 and a retention index of 0.947. Of the 33 characters that vary within C. grandijlora, one (character 4) shows homoplasy, requiring a minimum of two changes.
The species of Coreopsis chosen as potential outgroups do not allow the tree to be unambiguously rooted, as some are always placed within C. grandiflora. Of the species from within section Coreopsis, C. auriculata is placed with the A haplotypes, while C. intermedia, C. Haplotypes within these populations differ by few sites and probably arose by sequential accumulation of one, two, or three differences, perhaps within these populations. Other patterns suggest interpopulational gene flow or fragmentation of an ancestral polymorphic population. For example, populations 19 and 20 share an otherwise unique polymorphism (A/A 19 ) . Populations 13, 14, and 15 are more widely separated geographically but also show some evidence of gene flow or population fragmentation: population 14 is fixed for haplotype B 13, and this haplotype is found within the polymorphic populations 13 and 15.
Population 15 (var. harveyana) from Arkansas has four distinct haplotypes. It includes both unique and shared haplotypes, from both the A and B classes. The pattern of diversity may result from the mixture of genetically distinct C. grandzjlora populations, because populations with haplotypes only from the A class (var.
x&cola)
or from the B class (vars. grandiflora and harveyana) are also found in Arkansas.
Population 2, an eastern population of var. saxicola, shows an unexpected pattern of divergence. Two haplotypes are present, and they differ by 19 restriction site changes. No intermediate haplotypes have been found. While haplotype A is commonly found throughout the species, the B2 haplotype is different from any other, with seven unique changes. It is possible that the B2 haplotype was introduced to C. grandzjlora by introgression, involving the transfer of the genome from one spe-
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ties to another following hybridization, but the donor of the genome is unknown. The unique changes along the branch leading to the B2 haplotype were not found in any other C. grandiflora populations or in any of the other species surveyed; however, no specific attempt has yet been made to sample populations of other species growing in the vicinity of this one. The plants are idend tical in appearance, and they can interbreed and produce heteroplasmic offspring (Mason et al. 1994) . Such evidence for the paternal transmission of the chloroplast genome was not found in any other polymorphic populations; we have no estimate of how widespread the phenomenon is in this species. If it is common, the dynamics of cpDNA gene flow will depend on pollen as well as seed dispersal. In addition, the chloroplast genome' s effective population size will be greater than if it were strictly maternally inherited (Birky et al. 1983 ). While it is tempting to speculate on the effect of occasional biparental inheritance on genetic diversity in C. grandiflora relative to other species, there is no single model of inheritance to compare it to. The potential for some degree of biparental cpDNA inheritance has been shown to be far more widespread in angiosperms than once believed (Harris and Ingram 199 1 ) , and a comparison of the effects of occasional biparental inheritance with those of strictly uniparental inheritance is not realistic.
The genetic discontinuity between the A and B classes of cpDNA haplotypes illustrated in figures 1 and 3 is difficult to interpret because the root of the tree is unknown. Comparisons with other species do not allow the tree to be unambiguously rooted, and the placement of representatives of different sections on opposite sides of the tree suggests that the polymorphism may predate the origin of C. grandiflora. Previous evidence indicates that of the sections included in this study, sect. Silphidium (represented by C. Zatzjblia) is the most basal relative to C. grandzjlora Crawford et al. 199 1)) which suggests that it might be the most appropriate outgroup. However, two additional steps must be taken before the tree can be rooted with confidence. First, more extensive sampling is required within the other taxa to determine whether they share the A/B polymorphism with C. grandljlora. Only C. nuecensis and C. nuecensoides have been sampled from multiple populations representing much of the range of each, a sample sufficient for us to conclude that they lack the A/B polymorphism. An appropriate outgroup must originate at a point in the phylogeny outside the origin of the polymorphism. Second, a different method must be used to examine representatives of sections that are evolutionarily distant from C. grandiftora. We were unable to interpret the cpDNA restriction site profiles of representatives of four sections that we had hoped to 378 Mason-Gamer et al. A (21) A (10) B2 (8) A (17) A (17) A4 (3) A (23) A (20) B (14) B13a (5) B13b ( A (3) Al5 (6) B13a (8) B15 (14) B (1) B16 (20) B (17) B17a (1) B17b (1) B (2) B18 (2) A (12) A19 (7) A (8) A19 ( include in our analysis (Anathysana, Electra, Leptosyne, and Pugiopappus). All are probably more distantly related to C. grandiflora than is sect. Silphidium Crawford et al. 199 1) . If the A/B polymorphism predates the origin of C. grandifora, then there are two possible explanations for the presence of the polymorphism within the species. The first is that one of the genome classes was introduced into C. grandiflora by hybridization and introgression. Flavonoid morphological ( Smith 1973 ) studies suggest that C. grandiflora can form natural hybrids with C. lanceolata and C. pubestens, in section Coreopsis. Introgression of the chloroplast genome has been implicated in many taxa in which cpDNA phylogenies are inconsistent with those based on nuclear characters (reviewed in Rieseberg and Brunsfeld 1992) and has been extensively documented in Helianthus, another member of the Asteraceae (Rieseberg et al. 1990a (Rieseberg et al. , 1990b Rieseberg and Seiler 1990) . The second possibility is that an ancestral polymorphism persisted through the speciation events that gave rise to the taxa included here through a complex lineage-sorting process. It may be that both introgression and lineage sorting were involved. Members of different sections are usually intersterile ( Smith 1976) ; therefore, lineage sorting may be the more likely explanation for the polymorphic pattern within sect. Coreopsis. On the other hand, species within sect. Coreopsis show varying degrees of interfertility (Smith 1976) ; introgression following hybridization could have given rise to the polymorphic pattern within C. grandiflora.
Broader-scale cpDNA restriction site analyses have previously been carried out among 25 species representing all North American sections of Coreopsis (Crawford et al. 199 1) and among all 9 species within section Coreopsis (Crawford et al. 1990 ). These found no evidence of a cpDNA polymorphism corresponding to the A/B polymorphism detected in our survey, probably because of a difference in sampling strategy. Because the Crawford et al ( 199 1) study was of a much broader scope, multiple individuals from within single populations were not sampled, and only eight species were rep- resented by more than one population. In these eight cases, no intraspecific differences were found. In addition, section Coreopsis was represented by a single population of each of only two species, and C. grandiflora was not included. In the Crawford et al. ( 1990) study, all species in section Coreopsis were included, but again, there was little sampling within species, including C.
grandiflora.
The divergence of the C. grandiflora chloroplast genome into A and B classes does not strictly correspond with the morphological divergence as reflected in the taxonomic varieties, or with the geographical distribution. In fact, the percentage of total genetic diversity explained by divergence among varieties (34.82%) or between regions (45.04%) depends largely on the degree to which the distribution of the A and B haplotypes corresponds to the varietal boundaries or the geographical distribution. Crawford and Smith' s ( 1984) allozyme study within C. grandiflora did not detect genetic divergence among the varieties and, in addition, did not find evidence of genetic divergence corresponding to the A and B haplotype classes described here. If, as we have suggested, the A/B polymorphism predates the origin of C. grandiflora, and that introgression or persistence through speciation has given rise to the polymorphism in C. grandiflora, then patterns of cpDNA diversity might not be expected to correspond closely to patterns of nuclear genetic diversity as reflected in allozyme and morphological studies. Parentheses enclose numbers of changes along each branch; since all were unique to one branch, they were not included in the data matrix used to calculate the tree. Min. indicates minimum estimates in taxa checked only with the enzyme-probe combinations that detected variation within C. grandiflora. Coreopsis nuecensoides and C. nuecensis show a range of unique changes because multiple individuals were surveyed.
The chloroplast genome is best used for reconstruction of species-level phylogenies when discrepancies between cpDNA-based and nuclear-based phylogenies are carefully studied. In this survey, the placement of 380 Mason-Gamer et al. several "outgroup" taxa suggests the possibility of a cpDNA polymorphism that transcends the species boundary of C. grandiflora and that is not reflected in previous morphological or allozyme studies. Phylogenetic studies utilizing cpDNA data commonly include one or a few individuals per species. While the cpDNA tree may accurately reflect the species phylogeny when hybridization is rare (Kim et al. 1992b) , the effects of ancient hybridization, introgression, ancestral polymorphisms, and lineage sorting may be difficult to assess without adequate sampling within both ingroup and outgroup species.
